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Introduction
Modern external beam radiotherapy for prostate cancer involves the delivery of high doses using highly conformal delivery techniques. Increased prostate dose has been shown to increase local control (Hanks et al 1998 , Pollack et al 2000 , Zelefsky et al 1998 . Additionally, hypofractionation has been shown to be an attractive delivery method due to the apparent low alpha/beta ratio for the prostate (Brenner and Hall 1999 , Brenner et al 2002 , Fowler et al 2001 . Increasing the total treatment dose or the dose per fraction increases the need for accurate delivery verification.
In vivo dosimetry of the rectal wall is an appealing method for verification of target and organ at risk (OAR) doses. An in vivo dosimeter placed on the anterior rectal wall would allow the clinician to measure the dose delivered to the section of the rectum receiving the highest dose. This is important, particularly for recent hypofractionation schedules, where high doses are delivered to the prostate and anterior rectal wall, and would be particularly useful in the context of the limitations of dose calculation algorithms at cavity interfaces (Hardcastle et al 2009 , Keall and Hoban 1996 , Martens et al 2002 . Additionally, accurate knowledge of the anterior rectal wall dose is necessary for the correlation of the delivered dose with rectal toxicity. A secondary application of an in vivo anterior rectal wall dosimeter would be for target dose verification. The anterior rectal wall is generally contained by the planning target volume (PTV); therefore any dosimeter placed on the anterior rectal wall can be used as a surrogate for the PTV dose at the posterior region of the volume.
Recent articles have focused on implantable in vivo dosimeters for target dose verification (Beyer et al 2007 , Fagerstrom et al 2008 , Kry et al 2009 , 2008 . This is a useful method of in vivo dose verification for prostate radiotherapy, with the added advantage that the implanted dosimeter can be used for position verification (Kry et al 2009) . Other methods have focused on placing a dosimeter in a urethral catheter, for in vivo verification of the prostate dose in brachytherapy (Bloemen-van Gurp et al 2009a , 2009b , Cygler et al 2006 , Soriani et al 2007 . Yet another tool for in vivo prostate dosimetry is the electronic portal imaging device (EPID). Various studies have been presented that investigate using the EPID to measure transmitted fluence and then using this measured fluence to calculate the dose delivered to the patient. These methods are summarized by van Elmpt et al (2008) .
This phantom study investigates another method of in vivo dosimetry for prostate radiotherapy using rectal balloons. Rectal balloons are used in a number of institutions in prostate radiotherapy to immobilize the prostate and reduce the amount of rectal wall irradiated to high doses , Patel et al 2003 , 2005 , van Lin et al 2005a , 2005b , Wachter et al 2002 . Rectal balloons are placed in the rectum for each treatment fraction. Rectal balloons provide an excellent means for the placement of an in vivo dosimeter. In this paper, the utility of a commercial rectal balloon in combination with a MOSFET detector for real-time in vivo dose measurements at the rectal wall is examined. Real-time rectal wall measurements were carried out on a specially designed phantom in conventional external beam radiotherapy scenarios.
Methods and materials

MOSFET detectors
MOSFET detectors have been used extensively for in vivo dosimetry (Butson et al 1996 , Quach et al 2000 , Scalchi and Francescon 1998 , Scalchi et al 2005 , Zilio et al 2006 . The advantages of the MOSFET dosimetry system for point dose measurements are their relatively small size and real-time readout capabilities (Kron et al 2002 , Rosenfeld et al 2001 . MOSFET dosimetry relies on ionizing radiation altering the electrical properties of the MOSFET, specifically the threshold voltage (V t ), for a given source-drain current. The change in V t is proportional to the absorbed dose. A MOSFET detector developed at the Centre of Medical Radiation Physics (CMRP) (known as the 'MOSkin') was used for all measurements. This specific MOSFET detector has been described in detail elsewhere and has been used extensively for in vivo measurements (Hardcastle et al 2008 , Kwan et al 2008a , 2008b , 2009 , Qi et al 2009 . In summary, this MOSFET has a reproducible water equivalent depth (WED) of measurement of 70 μm with a sensitive volume defined by the volume of the gate oxide of 4.8 × 10 −6 mm 3 . This makes the design of the MOSFET ideal for dosimetry in high dose gradient regions, such as the rectal wall in the presence of a rectal balloon air cavity.
In the case of measurements at depth (rather than at the surface), two MOSFETs are used, in a face-to-face arrangement. This face-to-face dual MOSFET arrangement is referred to in the remainder of this text as the 'dual MOSFET'. The dual MOSFET, proposed and developed at CMRP, allows for angular-independent measurements as it negates the naturally asymmetrical structure of the MOSFET chip relative to the beam direction (Rosenfeld et al 2005) . It must be stated that this definition of the dual MOSFET is functionally different to commercial dual MOSFET detectors, where two MOSFET chips on the same Si substrate are used for temperature compensation (Soubra et al 1994) . In our case, the dual MOSFET relates to correction of angular anisotropy and not temperature compensation. The dual MOSFET results in a dose measurement effectively made over a 140 μm thick region. The dual MOSFET was embedded into the outer lumen of a commercial rectal balloon (RadiaDyne, Houston TX, USA), as shown in figure 1, such that it was fully contained within the balloon. The MOSFET detectors are read out in real time using an in-house developed reader. The reader provides a 15 V gate voltage to the MOSFET during irradiation. The reader then supplies a constant source-drain current to deduce V t . The reader can be used to readout V t manually or can be controlled by a PC for automatic readout over a given time interval at a set frequency using in-house developed software (Rosenfeld et al 2001) .
Reproducibility and sensitivity
The reproducibility of the sensitivity of the MOSFET detector, that is the change in V t for irradiation to known doses, was measured. The sensitivity was investigated for a range of simulated treatment fraction deliveries from 2 to 10 Gy/fraction, including simulated breaks for gantry motion between beams. The rectal balloons are designed for one fraction use only; each balloon/MOSFET would receive only one fraction of the dose. The MOSFETs were irradiated at 1.5 cm depth in a 30 × 30 × 11.5 cm 3 water slab with a 10 × 10 cm 2 6 MV photon beam at a 100 cm SSD. Seven field treatment fractions of 2-10 Gy/fraction were simulated by irradiating a MOSFET up to the fraction dose in seven equal increments (to simulate irradiation from each 'beam'). A delay of 30 s was used between each 'beam' to simulate gantry rotation time between beams. A new MOSFET with no dose history was used for each simulated fraction. The fraction sizes simulated are given in table 1.
Angular dependence
The angular dependence of the dual MOSFET configuration was measured on two axes in a 6 MV photon beam from a Varian 21EX Linac. The angular dependence in the azimuth axis was measured by placing the dual MOSFET in a cylindrical phantom that was embedded in a square, solid water phantom at a depth of 5 cm. The dual MOSFET was then irradiated from a beam incident every 30 • for a full rotation. This was repeated twice. The cylinder containing the dual MOSFET was rotated, rather than the Linac gantry, to maintain a constant radiation path length to the location of the detector. The polar angular dependence was measured by placing the dual MOSFET in the centre of a 10 cm diameter cylinder, orthogonal to the cylinder's longitudinal axis. The dual MOSFET was irradiated with a 5 × 5 cm 2 field in increments of 30 • around the full 360 • of the cylinder. For each measurement, the average response of the two detectors was then taken as the final reading. All readings were normalized to the average of the measurements at each angle for each measurement axis.
A further set of measurements with the dual MOSFET was performed to measure the angular dependence at different depths using a clinical IMRT verification phantom (I'mRT, IBA Dosimetry, Germany). The dual MOSFET was placed at the centre of the phantom and calibrated. Calibration was performed by irradiating the dual MOSFET with a known dose and recording the response of both detectors. The dual MOSFET was then flipped and the calibration was repeated. For each calibration measurement the change in threshold voltage for each detector was added. The average of the responses (i.e. in both orientations) was then divided by the known dose (100 cGy) to give the MOSFET sensitivity in mV cGy −1 . The calibration coefficient is the inverse of the sensitivity and has the units of cGy mV −1 . The voltage reading is multiplied by the calibration coefficient to obtain the dose. The dual MOSFET was then irradiated with gantry angles every 45 • for the full 360 • (detector was at the machine isocentre). Each measurement was multiplied by the dual MOSFET calibration coefficient to result in an absolute dose for each measurement. The dual MOSFET was then replaced with an ion chamber. The ion chamber was calibrated by irradiating with a known dose. The ion chamber was then irradiated with the same gantry angles as the dual MOSFET. The dual MOSFET dose was normalized to the ion chamber measurement at each angle. All measurements were repeated twice.
Treatment simulation measurements
A custom-made phantom was built to match the external contours of the balloon. This phantom was placed in the IMRT phantom. The phantom setup is shown in figure 2 . A planning CT scan was taken of the phantom setup. The CT data were transferred into the Pinnacle RTPS (Philips Healthcare, Fitchburg, WI, USA) where the contours of a hypothetical prostate, rectum (the balloon cavity), bladder and femoral heads were created. Seven field 3DCRT and IMRT plans were created in the Pinnacle RTPS, delivering 78 Gy in 2 Gy fractions to the isocentre of a hypothetical prostate target in the phantom. The MOSFET was visible on the CT scan ( figure 2(c) ) and the planned dose to the MOSFET was recorded for both treatment plans. Three fractions each of the 3DCRT and IMRT plans were then delivered to the phantom.
The dose delivered to the dual MOSFET was recorded at a frequency of 1 Hz during each delivery by connecting the reader to a PC, and using in-house developed software. The dual MOSFET was irradiated in an active mode, meaning a bias voltage was applied to the gate oxide during irradiation to increase sensitivity. During readout, the gate voltage was inverted and the threshold voltage was obtained for a given readout current. As the gate voltage of the MOSFET was inverted during this readout, the charge collection in the active volume, and hence the sensitivity, was affected. However, the readout of the MOSFET, controlled by a microprocessor, took approximately 100 μs or 0.01% of the duty cycle, meaning this effect was negligible.
Results
Reproducibility
The sensitivity of seven MOSFET detectors from the same batch for irradiation for fraction sizes of 2-10 Gy (each 'fraction' irradiated in seven increments) is presented in table 1. The response of the seven MOSFET detectors was on average (±standard deviation) 2.63 ± 0.01 mV cGy −1 .
Angular dependence
The angular dependence of the dual MOSFET is presented in figure 3 . The results are the average of three measurements and the error bars are two standard deviations of the mean. The variation in the readings for the azimuth axis was within ±2.5%. For the polar axis the readings were between −2.5% and +4% of the average of all readings.
The dual MOSFET measured dose, relative to the ion chamber measurement at the centre of the IMRT phantom for beams incident from various angles is given in figure 4 . The dual MOSFET measured dose at the centre of the IMRT phantom was within ±2.5% of the ion chamber measured dose at the same location.
Treatment simulation measurements
The dual MOSFET real-time measured dose, at the anterior rectal wall in a phantom setup, is presented in figure 5 . The error bars are the 95% confidence interval of the average of three measurements. For the 3DCRT plan, the dual MOSFET measured dose was 184.5 ± 0.8 cGy and the RTPS calculated dose was 189.4 cGy. This is a difference of −5.1 cGy, or the dual MOSFET measured dose is 2.6% lower than the planned dose. For the IMRT plan, the influence of the segmented dose delivery is apparent in the more jagged shape of the real-time dose accrual plot. The dual MOSFET measured dose was 185.1 ± 1.3 cGy and the RTPS calculated dose was 191.2 cGy. This is a difference of 6.1 cGy, or the dual MOSFET measured dose is 3.2% lower than the planned dose.
The RTPS calculated dose for each field was compared with the dual MOSFET measured dose for each field for the 3DCRT and IMRT treatment deliveries. Figure 6 shows the comparison between the planned and measured rectal wall dose. For the 3DCRT plan, the dual MOSFET measured doses agree, within error limits, with the RTPS calculated dose for the 120, 40, 0 and 320 • beams. For the 80, 240 and 280 • beams, the RTPS is 1.0, 1.4 and 3.2 cGy more than the dual MOSFET measured dose, respectively. For the IMRT plan, the dual MOSFET measured doses agree within error limits with the RTPS calculated dose for the 40, 0 and 320 • beams. For the 120, 80, 240 and 280 • beams, the RTPS calculated dose is 2.3, 1.5, 0.7 and 1.25 cGy greater than the dual MOSFET measured doses, respectively.
Discussion
This study presents the initial results from the testing of a MOSFET dosimeter developed at the CMRP combined with a rectal balloon for use in real-time in vivo dosimetry. In this phantom study, the performance of a dual MOSFET configuration in combination with a commercial rectal balloon was investigated to determine the utility of this apparatus for clinical use.
The MOSFET detectors showed a reproducible sensitivity for fraction sizes of 2-10 Gy. The very good reproducibility of the MOSFET sensitivity (within 1%) is related to the low dose exposures up to 10 Gy, where there is limited radiation damage to the SiO-Si interface. Thus, the instability of the MOSFET reading is limited. In addition, this comparison was only performed for MOSFETs from the same manufacturing batch. For higher doses, the reproducibility of the sensitivity of MOSFETs is approximately 2% and should be investigated in the future for multiple batches of these particular MOSFETs. This MOSFET is thus suitable for in vivo real-time dose monitoring in hypofractionation schedules of up to 10 Gy/fraction, such as those seen in prostate cancer radiotherapy. Although the lifetime of the MOSFET is limited to approximately 50 Gy, commercial rectal balloons are designed for one-time use only; therefore it is expected that both the balloon and the MOSFET will be discarded after each fraction has been delivered, which for prostate radiotherapy would typically be less than 10 Gy.
The dual MOSFET has an angular dependence of ±2.5% from all incident beam angles. Therefore, it can be used in rotational therapies such as tomotherapy and volumetric modulated arc therapy (VMAT) without the need for angular correction.
When placed on the anterior wall of a commercial rectal balloon and irradiated with clinical 3DCRT and IMRT plans, the dual MOSFET provided a real-time dose measurement of the anterior rectal wall dose. The anterior rectal wall dose was measured to be 2.6 and 3.2% lower than the RTPS calculation for the 3DCRT and IMRT plans, respectively. Previous studies have shown that the collapsed cone convolution/superposition dose calculation algorithm used in this study over-predicts the anterior rectal wall dose when an air-filled rectal balloon is used (Hardcastle et al 2009) . Therefore the lower measured dose, relative to the RTPS calculation, concurs with this previous finding.
In figure 6 it is shown that the dual MOSFET measured doses agree with the RTPS calculated doses for the 320, 0 and 40 • beams for both the 3DCRT and IMRT cases. The RTPS calculated doses were greater than the dual MOSFET measured doses for the 120 (IMRT only), 80, 280 and 240 • beams. These beams deliver doses to the target from beam angles that are more tangential to the target with respect to the balloon cavity. Although the absolute value of the differences was small, this agrees with a previous study which showed that the greatest discrepancy between the RTPS calculated dose and the measured dose, at the anterior rectal wall in the presence of a rectal balloon cavity, was when the beams were incident laterally to the target, with respect to the cavity (Hardcastle et al 2009) . This is due to limitations in the convolution/superposition dose calculation where lateral electron disequilibrium exists. Therefore any differences between the RTPS calculated and measured doses at the anterior rectal wall when an air-filled rectal balloon is used would be expected to be due mainly to the contribution from lateral beams.
The MOSFET could be read out at 1 Hz during the delivery of a radiotherapy treatment fraction. The ability to read out the MOSFET in real time allows the rectal dose to be tracked as it is being delivered, potentially providing a 'dose alarm' if the rectal wall dose exceeds a set tolerance. This has been shown in the results in figure 6 ; the tracking of the anterior rectal wall dose can be performed on a field-by-field basis. Although the rectal balloon reduces prostate motion significantly, rectal motion can still occur which may increase the rectal wall dose. Conversely, if the rectal wall dose is significantly lower than the expected dose this could mean part of the PTV is being underdosed. At the very least, this in vivo dosimetry system provides tracking and verification of daily delivered rectal wall doses, which may prove useful in the case of observed enhancement of toxicity or local recurrence. The correlation of rectal toxicity rates with the absorbed dose currently relies on the calculated dose at the time of planning. This device would provide a direct measurement of the anterior rectal wall dose for each treatment fraction, increasing the accuracy of toxicity correlation.
The use of this in vivo detector system will become more complicated when used in clinical patients. Complications may arise due to temperature changes of the MOSFET during irradiation and balloon positioning in the patient. These complications must be taken into account to ensure accurate dosimetry.
The threshold voltage of the MOSFET detectors is sensitive to temperature variations unless the readout current corresponds to the thermostable current, as used in the current reader. The thermostable current is the readout current (source-drain current) at which the threshold voltage is constant for varying temperature. The thermostable current is constant for the dose range presented in this paper. The sensitivity of the MOSFET detector to radiation is temperature independent within the (15-40 • ) range (Cheung 2004) . Thus calibration made at any room temperature, if held constant during the calibration process, will be valid for irradiation at different temperatures, for example 37 • on a patient's body, assuming that the MOSFET temperature is constant during real-time dosimetry. However, the threshold voltage of the MOSFET changes with temperature (Cheung 2004) . Therefore, In order to avoid temperature errors associated with transition time where the MOSFET detector is placed on the patient's body, but does not have enough time to obtain thermal equilibrium before measurements commence, the threshold voltage reading of the MOSFET detector should be temperature independent or compensated for. This has been achieved in other MOSFET detection systems using a dual MOSFET with different gate bias during irradiation (Soubra et al 1994) . The next-generation CMRP readout system for MOSFET and dual MOSFET detectors is temperature independent for any readout current without requiring an additional MOSFET chip. This system utilizes the intrinsic properties of MOSFET detectors for realtime correction of temperature changes without the need for additional temperature sensors (Rozenfeld 2008) .
A second complication arises in balloon/detector positioning. Currently the balloon has markings on the stem which help to ensure the correct depth of insertion during simulation and delivery of the treatment. During the treatment, detector localization accuracy would depend on the level of image guidance being employed. As shown in figure 2(c) , the MOSFET is visible on the planning CT. Therefore, kilovoltage CT image data taken immediately prior to treatment delivery would provide accurate detector location for this snapshot of time. In this case, the dose could be recalculated to obtain the expected daily dose for comparison with the measured dose, integrating with any image guidance or adaptive protocols. If this level of image guidance were not employed, then the MOSFET location would not be known as accurately in the face of anatomical changes. In the case of variation in balloon positioning between fractions, a future design could employ multiple dual MOSFET detectors placed in a strip along the superior-inferior axis of the balloon. This would provide dose measurements at multiple locations along the anterior rectal wall relative to the PTV and improve the probability of measurement of the highest anterior rectal wall dose. In addition to anterior rectal wall dose measurements, MOSFET detectors could be placed at other locations around the balloon, such as the posterior side, to obtain more absorbed dose to the rectum data.
Conclusion
A real-time in vivo dosimetry system for tracking of rectal wall doses in prostate radiotherapy has been presented. The dosimetry system provides real-time tracking of the rectal wall dose during the delivery of a treatment fraction. The MOSFET detectors provided reproducible, angular-independent dose measurements and linear responses for fraction sizes of 2-10 Gy. A dual MOSFET configuration was used in a phantom setup to measure in real time the anterior rectal wall dose for 3DCRT and IMRT treatments (delivering 2 Gy/fraction). The measured anterior rectal wall doses were in close agreement with the RTPS calculation and consistent with previous dosimetry studies in this situation.
